Much of what we now understand about the earliest stages of animal development has come from the study of mutations in maternal effect genes. A maternal effect gene is one whose main activity takes place during the formation of the egg in the mother before fertilization. Yet it is a surprising fact that the first such mutation was discovered nearly one hundred years ago in an organism that has never been used for genetic analysis since. This mutation had a more dramatic effect on body form than most other mutations in maternal effect genes discovered subsequently. Even more remarkably the work was largely carried out by amateur naturalists. This scientific study from long ago is now acquiring increasing topical interest as we begin to understand more about the genes that determine the left and right axes of the body. This is the story of Limnaea peregra, a small aquatic snail that is common throughout Northern Europe, including the British Isles. Nearly all members of this species are dextral; this means that the body, including the shell, spirals in a right-handed direction, or clockwise as viewed from the apex of the shell (see Figure 1) . Inside the snail, the heart, intestine, reproductive organs, etc.
are consistently located toward one side of the body, as is the heart on the left-hand side of humans. However variants, called sinistrals, occur in which the whole body is inverted between left and right, and the shell, viewed from the top, is now coiled in a counterclockwise direction, a phenotype by which the left-right symmetry can quickly and conveniently be assessed. The direction of coiling starts with the first cleavage divisions of the egg when, in the taxonomic group called the Spiralia, the mitotic spindle is slanted to the right or left.
The story starts with a Professor Boycott of London University who obtained some sinistral snails from a pond in Leeds, England (see Figure  2 , left), known to local naturalists to harbor an unusually high proportion of the sinistral form. He enlisted the collaboration of a friend, Captain C. Diver, an amateur naturalist who had taken a job as an administrator in the British Parliament since it occupied him conveniently enough for only six months of the year (see Figure 2, right). Together they carried out extensive snail breeding experiments in jam jars. These experiments eventually involved scoring the phenotype of 6000 broods and over a million snails Diver, 1923, 1931) . It was well established that left-handed forms of this snail existed as they did in the population studies of Crampton on the Polynesian snail Partula. However, at that time, no experimental genetics had been applied to the inheritance of left-right symmetry.
We need to appreciate that it would have been difficult to imagine a more complicated organism on which to do genetics. Limnaea, like many other snails, is a hermaphrodite and so reproduces both by selffertilization and, if the opportunity arises, by sexual interaction with a partner. There was no way to know whether the offspring of a snail was a product of self-or partner fertilization except by growing parent snails in isolation, which of course precludes the use of genetic crosses. In laboratory crosses it is quite possible for the same snail to produce progeny by both self-and partner fertilization.
The experiments first described by Boycott and Diver made use of an albino mutation that these authors discovered (Boycott and Diver, 1927) , and that followed standard Mendelian rules as a recessive. They made use of this as an internal control so as to compare their dextral/ sinistral results with a gene that segregated normally.
Boycott and Diver's first papers were published as preliminary work 3 years after starting the experiments in 1920, and after analyzing over 200 "broods" and over 16,000 progeny. Their first results were complicated by the observation that, under conditions of self-fertilization, dextral snails could produce variable numbers of sinistrals, and sinistrals often produced partly or wholly a brood of dextrals. Nevertheless in matings between two dextrals or two sinis- A single gene mutation can cause a complete left-to-right and right-to-left inversion of the body axis. This mutation exemplifies a large class of so-called maternal effect genes that regulate key events during early development. This principle was first established nearly one hundred years ago, principally by the work of amateur naturalists.
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trals, the offspring showed that dextrality behaved as a single Mendelian dominant (clearly showing that there is indeed a genetic basis of some sort for sinistrality). In spite of the complexities, the authors were able to draw several conclusions. The most important was that the phenotype "is the result of and is determined by the product of the parental nuclear composition. This nuclear composition gives a (fresh) product that governs only the appearance of the next generation, within which any nuclear composition may exist." This was a clear exposition of the fundamental principle that the composition of the egg is determined by the genetic contribution of the mother, or as we now phrase it, by maternal inheritance.
Only a few months after this paper was published, Sturtevant, a student of Morgan at Columbia University (before their migration to Caltech) published a brief note (Sturtevant, 1923) in which he proposed that sinistrality is determined by a single recessive gene, whose wild-type dextral allele determines dextrality in the maternal oocyte (see Figure 1 ). This provided a clear and tidy explanation of the Boycott/Diver results in straightforward Mendelian terms. Boycott and Diver later described Sturtevant's interpretation as "an inspired guess, given the paucity of data available to him," a generous attribution that would rarely be seen nowadays. After several further years, Boycott and Diver (1931) published a monumental paper consisting of 123 pages, 48 tables, and 53 pages of "supplemental data" giving profound details of their results; the final conclusion of the paper was to establish numerous environmental and other factors that could account for the many broods that did not fit the simple Mendelian/Sturtevant explanation.
Mechanisms
The question of how an egg with established dorso-ventral and anteriorposterior axes can consistently form structures on one side as opposed to another has attracted renewed interest in recent years. Several molecular markers have now been identified that are expressed predominantly on the future left or right, in various vertebrate groups (Levin, 2005) . A currently popular notion is that nodal cilia beating in an enclosed space create a flow of molecules toward one side, and that these could lead by receptor binding or by a mechanosensory mechanism to a greater activity of certain genes. This model is appropriate for those species whose early development includes a stage where a localized area of cilia beats in a small space. This model would not explain the direction of cleavage at the 2-cell stage, nor does it account for known left/right asymmetries apparent in vertebrate embryos prior to gastrulation (Levin, 2005) . From a conceptual point of view, the most plausible explanation for the Limnaea case appears to be the idea put forward by Brown and Wolpert (1990) that chiral molecules orientated along the anterior-posterior and dorso-ventral axes would create a consistent embryo-wide asymmetry. In some as yet unknown way, this asymmetry would be converted into differential gene activity.
Extending this concept to the case of dextral and sinistral Limnaea, we could imagine that maternally synthesized chiral proteins would form a handed lattice in egg cytoplasm, resulting in a dextrally spiralled body and shell. We must assume that the sinistral mutant would cause a changed amino acid composition such that the cytoplasmic lattice is left-handed.
Conclusion
There are several reasons why this work of the 1920s is of exceptional historic interest. First, it was the earliest discovery of a single-gene mutation that can change the whole body structure of an animal. In this case, most organs of the body are changed in position though not in function. Second, this was the first maternal effect gene mutation discovered. This work established the principle that the whole of development can be influenced by the expression of one gene entirely during oogenesis, and hence that development depends to a significant extent on gene activity prior to fertilization. These are reasons why this work qualifies as a pioneer in the genetic analysis of animal development.
There are two other characteristics that make this work especially notable. One is that it was carried out to a substantial extent by amateur naturalists rather than by University or Company scientists. It is extremely uncommon, nowadays, for truly innovative research to be achieved by amateurs primarily employed in an unrelated walk of life. Lastly, it is interesting that the authors, in two of their monumental papers, state that stocks of their various strains are being maintained for the benefit of anyone who would like to have material for further work, an attitude not commonly followed today.
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